Purpose To evaluate the available randomized controlled trials (RCTs) in the literature investigating the use of gonadotropinreleasing hormone agonist (GnRHa) co-treatment for ovarian preservation in women receiving chemotherapy. Methods A systematic review of the literature was performed from 1960 through 2017 to identify relevant RCTs. Included patients had lymphoma, ovarian cancer, or breast cancer. The primary outcome was the proportion of women who retained ovarian function after chemotherapy. Extracted data points included study design, patient characteristics, and proportion of women who developed premature ovarian failure (POF). A risk of bias assessment was performed according to the criteria outlined in the Cochrane Handbook for Systematic Reviews of Interventions. The pooled odds ratio was calculated, and outcomes of individual studies were compared using the random-effects model with the inverse-variance method and the DerSimonian-Laird estimator. Results Twenty-nine RCTs were identified, and 10 met criteria for inclusion in the meta-analysis. An analysis of patients who did not develop POF after chemotherapy revealed eight studies supporting the use of GnRHa (OR 1.83; 95% CI 1.34-2.49). The duration of benefit of GnRHa is unclear. An analysis of three studies with outcome data at 2 years revealed a non-significant OR of 0.53 (95% CI 0.22-1.30) for the preservation of ovarian function with GnRHa treatment. Conclusion GnRHa may have a protective effect against the development of POF after gonadotoxic chemotherapy; however, the duration of benefit is unclear and requires further study.
Introduction
A cancer diagnosis for a reproductive-aged woman has unique medical and psychosocial consequences. Cancer treatments can negatively impact both ovarian reserve and function, ranging from little or no long-term effects to permanent infertility and premature ovarian failure (POF) [1, 2] . Beyond its role in the overall hormonal milieu, gonadal function affects many other organ systems including bone, the cardiovascular system, neurocognitive function, and sexuality [3, 4] . Chemotherapy-related POF can significantly impact a woman's overall well-being and quality of life.
For women undergoing cancer treatment, the first-line options for fertility preservation include embryo and oocyte cryopreservation prior to the initiation of chemotherapy. However, these methods have no role in preserving gonadal function. Ovarian tissue cryopreservation and pharmacologic ovarian suppression with gonadotropin-releasing hormone agonists (GnRHa) are options to preserve both fertility and gonadal function. Ovarian tissue cryopreservation, while intriguing, is still considered an experimental approach.
GnRHa therapy has been associated with relatively low risk, time, and cost. GnRHa act at the anterior pituitary to interrupt endogenous GnRH pulsatility and induce a hypogonadal state [5] . There are several proposed mechanisms for chemotherapy-induced damage to the ovaries [5] .
One is apoptosis of growing follicles, resulting in faster recruitment of primordial follicles and a subsequent decline in ovarian reserve [6] . Another mode of chemotherapy-induced injury is fibrosis of the stromal cells and injury to blood vessels, resulting in ischemia that further decreases ovarian reserve. GnRHa are thought to mitigate ovarian injury by preventing primordial follicle recruitment and slowing the depletion of ovarian follicles, and by reducing vascularity, subsequently decreasing the dose of chemotherapy affecting the ovary [7, 8] .
In addition to protecting against ovarian failure, both retrospective and prospective data suggest that GnRHa administration concurrent with chemotherapy may also improve diseasefree and overall survival among estrogen/progesterone receptor negative breast cancer patients [9, 10] . A recent expert meeting on cancer and fertility preservation deemed GnRHa Ba reliable strategy to preserve ovarian function^for breast cancer patients [11] . Additionally, the American Society for Reproductive Medicine (ASRM) acknowledges that data are mixed, but supports the use of GnRHa when it is combined with other methods to preserve ovarian function [12] . Adopting GnRHa use into clinical practice has been controversial and often regarded as experimental in nature due to heterogeneity in the literature regarding its effectiveness [11, 12] .
The aim of this systematic review and meta-analysis is to evaluate the efficacy of GnRHa co-treatment during gonadotoxic chemotherapy for preserving ovarian endocrine function.
Materials and methods
We performed a systematic review of prospective randomized controlled trials (RCTs) in order to evaluate the efficacy and safety of GnRHa co-treatment on ovarian function during gonadotoxic chemotherapy. A secondary review of previously published meta-analyses was also performed. The Cochrane Handbook for Systematic Reviews of Interventions (version 5.0.1) [13] , and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement [14] were utilized in the development and reporting of this review.
Search strategy
A search strategy similar to that previously published by Bedaiwy et al. was utilized for this study [15] . MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials, Ovid Healthstar, and ClinicalTrials.gov were queried for published trials with an English language restriction. A combination of the main Medical Subject Headings (MeSH) and text words Bgonadotropin-releasing hormone,B chemotherapy,^and Bpremature ovarian failure^were used, and the search was performed for publications from 1960 to May 2017. A manual search of the ASRM and European Society of Human Reproduction and Embryology (ESHRE) conference abstracts was also performed. We reviewed the references of included studies, recent review articles, and other meta-analyses to identify any additional studies.
We included RCTs of women receiving GnRHa versus control during treatment with chemotherapy for cancer. Studies were excluded if women underwent bilateral oophorectomy or if different chemotherapy regimens were utilized in the GnRHa and control groups. One author (LCH) reviewed the identified reports and two authors (LNV and TF) confirmed selected studies. All disagreements were resolved by consensus.
Outcome measures
The primary outcome for this study was the proportion of women who retained ovarian function after chemotherapy, as defined by the trials' investigators (Table 1) .
Secondary outcomes in this study included the proportion of women who developed POF at 2 years after completion of treatment by either amenorrhea or hormonal criteria (folliclestimulating hormone [FSH] levels > 40 mIU/L or estradiol [E2] < 20 pg/ml) [27] .
Quantitative data synthesis
A standardized data extraction sheet was developed and piloted for consistency. One review author (LCH) performed the initial data extraction, which was then confirmed by two review authors (LNV and TF). Consensus was utilized to resolve any disagreements.
Statistical analysis
For the meta-analysis, the number of individuals in each treatment group experiencing the study outcome was recorded. An intention-to-treat analysis, utilizing the denominator for all originally included patients, was utilized when possible during the data extraction. The pooled odds ratio was calculated, and outcomes of individual studies were compared using the random-effects model with the inverse-variance method and the DerSimonian-Laird estimator, which takes into account both study sample size, inter-study and intra-study variation, and gives a conservative estimate of effect. An offset value of 0.05 was used to allow the calculation of the odds ratio for studies in which non-POF was observed in the GnRHa group. Forest plots were constructed for visual display of odds ratios of individual studies. Heterogeneity between studies was evaluated with the Q statistic and quantified using the I 2 statistic. Levels of the I 2 statistic above 50% indicate high heterogeneity, while levels above 25% indicate moderate heterogeneity. Funnel plots were used to evaluate publication bias. All analyses were done utilizing the rmeta package in R (version 
Risk of bias assessment
Criteria outlined in the Cochrane Handbook for Systematic Reviews of Interventions were utilized to assess the risk of bias for each of the included studies [28] . Each RCT was assessed for seven areas that bias the estimates of treatment effect: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Risk of bias was classified by low, high, or unclear risk and assessed by two reviewers (LCH and LNV), with disagreements resolved by consensus.
Results
Twenty-nine RCTs examining the effect of GnRHa cotreatment during gonadotoxic chemotherapy on ovarian function were identified (Fig. 1) . After further evaluation of these studies, only 12 trials met the study inclusion criteria [10, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The methods for each trial are outlined in Table 1 , including type of malignancy studied, patient characteristics, chemotherapy regimen and GnRHa utilized, and study outcomes. The risk of bias analysis for each trial using the seven previously described domains is also outlined in Table 1 . After assessment of the risk of bias, two RCTS [16, 19] were designated as high-risk; therefore, they were excluded from the analysis.
Outcome measures
An analysis of patients who retained ovarian function after chemotherapy was performed based on the definition of POF outlined in each study's methods. Eight studies favored a positive impact on preservation of ovarian function with GnRHa treatment compared to chemotherapy alone [10, 17, 18, 20, 22, [24] [25] [26] , with three demonstrating statistical significance [10, 18, 22] and two studies showing no difference [21, 23] (OR 1.83; 95% CI 1.34-2.49, Q statistic p = 0.45) (Fig. 2) . Overall this analysis favored the use of the GnRHa. A funnel plot was created based on the results of these 10 studies to evaluate publication bias (Fig. 3) . The funnel plot is a scatter plot of the studies included in the metaanalysis containing the effect size on the x-axis and the inverse standard error on the y-axis. The overall funnel shape and symmetry of the plot are associated with a lack of publication bias [29] . We then performed a similar analysis, including only studies of women with breast cancer to examine the impact of GnRHa in preventing POF, again using the individual study's definition of POF [10, [20] [21] [22] [23] [24] [25] . A total of seven studies were included [10, [20] [21] [22] [23] [24] [25] , and of these, five favored GnRHa compared to chemotherapy alone [10, 20, 22, 24, 25] (one reaching statistical significance [10] ), with an OR for retaining ovarian function of 1.77 (95% CI 1.28, 2.44, Q statistic p = 0.68) in the GnRHa group. In conclusion, this approach to the analysis also favored the use of GnRHa. The benefit of GnRHa for ovarian preservation did not persist at 2 years after chemotherapy treatment. All studies were evaluated using a strict definition of POF, based on either biochemical criteria (E2 < 20 pg/ml or FSH > 40mIU/ L) or absence of menstruation at 2 years after completion of chemotherapy. This analysis included three studies [10, 21, 26] and revealed a non-significant pooled OR of 0.53 (95% CI 0.22-1.30, Q statistic p = 0.32) for the development of POF with GnRHa treatment.
For these three analyses, the estimated Q statistic for the heterogeneity ranged from 2.29 to 8.84. Heterogeneity (Q statistic p value < 0.05) was not found in any of the three approaches.
Discussion
Treatment with GnRHa during gonadotoxic chemotherapy may confer protection from the development of POF, as evidenced by the analysis of the 10 studies included in this systematic review and meta-analysis, the most comprehensive to date.
Twelve studies met inclusion criteria for the review, but two were designated as having a high risk of bias based on Cochrane Handbook criteria and were excluded [16, 19] . Waxman et al. [16] was excluded due to concerns regarding incomplete pituitary downregulation at the dose of GnRHa (busereilin) utilized in the study, which the authors themselves concede could have led to their results [15] . The dose of buserelin used in the study (200 mcg TID) is half the dose currently recommended by Sanofi-Aventis for the treatment of endometriosis (400 mcg TID). In addition, the Waxman study was underpowered, with only eight patients in the treatment group and 10 patients in the control group. Badawy et al. [19] was excluded due to methodological and data concerns, including the improbability of all patients being in the luteal phase of their cycles based on hormonal evaluations, and because a potential impact of tamoxifen on hormonal status was not accounted for in the study groups [30] [31] [32] . Other published reviews have also raised concerns regarding the validity of these studies [15, [30] [31] [32] .
A pooled analysis of all included studies favored a positive impact on preservation of ovarian function with GnRHa treatment compared to chemotherapy alone with an OR of 1.83. We also evaluated the impact of GnRHa co-treatment on patients with breast cancer, as this is the most common malignancy of reproductive-aged women. Seven RCTs were analyzed, and again GnRHa treatment on the preservation of ovarian function was favored, with a pooled OR of 1.77. The benefit of GnRHa treatment did not appear to persist two years after completion of chemotherapy; however, these data must be interpreted with caution given the small number of studies (N = 3) with this data point. Variation in patient age is another factor that may affect outcomes at two years. The mean age of patients in the RCTs included in this analysis varied widely from 22 to 45 years, providing another reason to interpret these data with caution. A recent RCT of 227 breast cancer patients found a significant benefit to GnRHa 12-24 months after chemotherapy in patients < 40 years old [33] . The effect did not reach statistical significance in older RTCs included in meta-analysis (n=10, figures 2 and 3) Fig. 1 Article selection strategy patients [33] . Learning the duration of GnRHa effect is critical given that attempting pregnancy after cancer must be delayed until chemotherapy is out of the patient's system (3-6 months), and the patient is at a low risk of recurrence. Expert opinion suggests that the timing of pregnancy should be individualized. Estrogen/progesterone receptor positive breast cancer patients are typically treated with tamoxifen for 5-10 years; however, the POSITIVE study is underway to determine the safety of an interruption in endocrine therapy to allow childbearing [11] .
Varying results are reported in the literature for the impact of GnRHa on preservation of ovarian function, which has contributed to the controversy surrounding its clinical implementation. A number of study factors, including methodologic heterogeneity, sample size and power limitations, differences in the gonadotoxicity of chemotherapy regimens, and heterogeneous patient characteristics, likely contribute to the mixed findings. Among the 15 published meta-analyses [15, 30, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , 13 showed a benefit of GnRHa treatment on POF, and two found no impact of GnRHa co-treatment on gonadal function [30, 34] . The El Gindy et al. meta-analysis is one of the two studies concluding that GnRHa administration during chemotherapy had no protective effect on gonadal function; however, their results appear to show a trend towards significance in favor of GnRHa with a RR of 1.12 (95% CI: 0.99-1.27, p = 0.07) for resumption of ovarian function. Additionally, the El Gindy analysis [30] was flawed in that it included the Waxman et al. study [16] , which was excluded from the current analysis due to concerns regarding incomplete pituitary downregulation in the GnRHa group. Without explanation, El Gindy et al. also failed to include the Song et al. study [25] , a high-quality RCT, and one of the largest RCTs published on this topic.
Regarding the outcome of post-treatment pregnancy, 9 of the 14 meta-analyses included pregnancy as an outcome measure, but of these, only three favored GnRHa for fertility preservation [35, 37, 40] . Data regarding pregnancy rates must be interpreted cautiously given the large number of variables that factor into the pursuit of fertility after cancer treatment, including age, parity, and cancer prognosis. Indeed, none of the RCTs evaluating the effects of GnRHa on ovarian function included a desire for future fertility as an eligibility criterion [47] . We did not perform an analysis of pregnancy rates in the current study because of the small number of studies reporting data related to pregnancy outcomes. The lack of a standardized definition of chemotherapyassociated ovarian failure limits the interpretation of the literature about GnRHa. Although pregnancy may be the most specific indicator of gonadal function, infertility can be multifactorial, and inability to conceive does not necessarily indicate hypogonadism. The majority of available RCTs use either resumption of menses or FSH as surrogates of ovarian function; however, the time at which ovarian function was evaluated varies widely. Whereas Gerber et al. [21] assessed for resumption of menses at 6 months after treatment, other studies evaluated outcomes at 12 and 24 months. Drawing conclusions too early about ovarian failure may result in an underestimation of GnRHa effect [48] . Although AMH has been proposed as an alternative method of ovarian reserve assessment, its role in predicting chemotherapyassociated ovarian dysfunction is unclear. Patients who have undergone ovarian tissue cryopreservation, for instance, often have nearly undetectable AMH levels, but excellent pregnancy rates have been reported [49] . Similarly, a retrospective study showed that AMH levels did not accurately predict pregnancy in breast cancer patients who have undergone chemotherapy [50] . A recent prospective time-to-pregnancy cohort study including 750 women aged 30 to 44 found no association between AMH levels and rates of spontaneous conception [51] . Additionally, the exclusive use of biochemical markers such as AMH or FSH for evaluating ovarian function may overestimate the rate of gonadal failure, as indicated by the fact that five patients in the Demeestere et al. study (which relied only on FSH) with protocol-defined POF, became pregnant during follow-up [26, 47] .
Differences in the gonadotoxicity of chemotherapy regimens may also contribute to the variability in the literature regarding GnRHa administration. A recent meta-analysis found that women exposed to taxanes demonstrated a lower rate of menses recovery than those treated with chemotherapy regimens that did not contain taxanes [42] . The same meta-analysis reported patient age as a predictor of menses recovery. Patients ≤ 40 years of age were significantly more likely to recover menses than older patients. The mean age of patients in the RCTs included in this analysis varied from 22 to 45 years [17, 20] . Despite the wide range of patient ages, the two studies with the oldest mean ages [20, 25] both showed statistically significant protective effects of GnRHa on ovarian function.
The timing of GnRHa administration relative to the initiation of chemotherapy is another factor that has not been standardized across studies. Timing may, in part, account for the difference in outcomes noted between the POEMS trial and the Demeestere study [10, 24] .
The POEMs trial is a large RCT published in 2015 involving 218 hormone receptor-negative breast cancer patients that demonstrated a decreased incidence of ovarian failure and increased rates of pregnancy and live birth with co-administration of GnRHa and chemotherapy [10] . Conversely, the Demeestere trial involved 129 patients with lymphoma and reported no benefit of GnRHa for the preservation of ovarian function [26] . In the Demesteere trial, the GnRHa was started only two days before the initiation of chemotherapy, which may partially account for the observed differences between the two studies. In breast cancer, there is typically a longer interval prior to the initiation of chemotherapy as compared to treatment onset for lymphoma.
Aside from the timing of GnRHa administration, several methodological concerns have been raised regarding the Demeestere study [26] , including the fact that both study arms received the hormone norethisterone acetate, which may have undermined the protective effect of GnRHa. Additionally, 46% of patients did not have documentation of hormonal contraceptive use (which could decrease FSH levels) at the time of ovarian function evaluation [47] . Finally, only about half of patients had sufficient follow-up to be included in the final analysis, and the study was underpowered.
The Demeestere trial is not the only one to suffer from small sample size and insufficient power. Munster et al. initially planned to enroll 124 patients, but the trial was Bstopped for futility^after 49 patients were enrolled [23] . The rates of resumption of menstruation were remarkably high (90% in the control group and 88% in the GnRHa group). For a chemotherapy regimen with such low gonadotoxicity, much larger sample sizes would have been required to detect a difference in outcome between the two groups [48] . There is a wide range of reported rates of ovarian failure after chemotherapy, with rates ranging from 10 to 55% across the literature [22] . The variation in rates of ovarian failure is yet another factor that makes interpreting the magnitude of GnRHa effect challenging.
The main purpose of this review was to evaluate the role of GnRHa in the preservation of ovarian function in patients receiving gonadotoxic chemotherapy. The strengths of our approach include the performance of a comprehensive review of the literature, a thorough risk of bias analysis, and utilization of multiple analyses to further evaluate potential relationships among RCTs. Weaknesses of this study include methodological heterogeneity among study definitions and outcome measures assessed, small patient populations, diverse cancer diagnoses and treatment regimens, and lack of long-term follow-up, which may limit one's ability to draw conclusions about magnitude and duration of efficacy. Other limitations may be the use of the menstrual cycle and FSH as the primary approach to assessment of gonadal function. Additionally, this study is unable to evaluate the effect of GnRHa on pregnancy rates following gonadotoxic chemotherapy.
GnRHa should be offered to all women of reproductive age, without contraindications, undergoing gonadotoxic chemotherapy. Although data regarding the impact of GnRHa on fertility preservation are mixed, the administration of GnRHa is a relatively benign intervention, and the results of this meta-analysis demonstrate that, at a minimum, GnRHa may protect against chemotherapyinduced hypogonadism. GnRHa and ovarian tissue cryopreservation are the only technologies that aim to preserve gonadal function in chemotherapy patients, and GnRHa may be used in conjunction with ovarian tissue cryopreservation, oocyte cryopreservation, or embryo cryopreservation. Given the importance of fertility and gonadal function to patient quality of life, the long-term effects of chemotherapy treatment on ovarian function must not be ignored. This systematic review, in addition to many prior studies [15, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , supports the use of GnRHa during gonadotoxic chemotherapy for the preservation of ovarian function.
Conclusion
GnRHa appear to have a protective effect against the development of POF after treatment with gonadotoxic chemotherapy. Beyond fertility preservation, patients may benefit from improved bone health, sexual function, cardiovascular health, and overall quality of life.
